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Continuous-Wave and Passively Mode-Locked
Yb:GYSO Lasers Pumped by Diode Lasers
Wenxue Li, Qiang Hao, Liang’en Ding, Guangjun Zhao, Lihe Zheng, Jun Xu, and Heping Zeng
Abstract—We report both continuous-wave and passively
mode-locked laser actions in a Yb -doped gadolinium yttrium
oxyorthosilicate Yb:GdYSiO (Yb:GYSO) crystal. Contin-
uous-wave (CW) laser operations were compared under different
pump conditions with high-power diodes of different wavelengths
and fiber cores. CW mode-locking was obtained with a semicon-
ductor saturable absorber mirror.
Index Terms—Continuous-wave (CW) lasers, mode-locked
lasers, yttrium lasers.
I. INTRODUCTION
I NTEREST in ytterbium-doped materials is still growingin different regimes, owing to the development of InGaAs
high-power, high-brightness commercial laser diodes, emitting
in the 900–980 nm range. Compared to , Yb has a very
simple electronic-level scheme with only two multiplets F
and F , leading to elimination of undesired effects such as
excited-state absorption, cross relaxation, upconversion, and
concentration quenching. Moreover, its relatively low intrinsic
quantum defects (generally less than 10%) and high radiative
quantum efficiency result in reduction of thermal load. Partic-
ularly, a large number of ytterbium-doped crystals that have
broad emission bands around 1 m have been recognized in
recent years as very attractive active media for diode-pumped
femtosecond oscillation and amplification [1]–[9].
Recently, ytterbium-doped oxyorthosilicates Yb:Y SiO
(Yb:YSO) and Yb:Lu SiO (Yb:LSO) have been demonstrated
to exhibit large ground-state splittings, high thermal conductiv-
ities, and broad emission spectra [6]. Yb:Gd SiO (Yb:GSO)
has also been successfully grown by replacing yttrium or
lutetium ion with gadolinium ion in the oxyorthosilicate host
matrix [10]. The weak mass difference between gadolinium
and ytterbium makes a weak decrease in thermal conductivity
of the GSO with ytterbium doping. GSO is more anisotropic
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and has more compact structure than YSO or LSO, resulting in
a larger ground-state splitting of Yb ion up to 1067 cm ,
which is the largest ground-state splitting for ytterbium-doped
crystals. Efficient Yb:GSO lasers have been realized with
high optical conversions and large tunability [11]. However,
the structure of GSO belongs to the monoclinic space group
and is composed of a two-dimensional network of
corner linked (OGd ) tetrahedral into which the (SiO ) tetra-
hedral are packed. The relatively weak bonding between these
layers results in a strong tendency to cleave along the (100)
plane. Severe cleavage during crystal growth, cooling, and
further mechanical processing makes practical laser applica-
tions of the Yb:GSO crystal somewhat difficult [12]. In order
to overcome the cleavage difficulty, a novel alloyed crystal
Yb: Gd Y SiO has been recently developed, which
inherits not only good mechanical properties from YSO with
no observable cleavage, but also a large ground-state splitting
and broad emission spectrum from both GSO and YSO. Mul-
tiple substitutional sites in Yb:GYSO provide inhomogeneous
strong crystal fields for ytterbium ions, which causes inho-
mogeneously split sublevels of the F manifold to cover
broad bands. This may support laser in a broadband range.
In addition, the terminal laser sublevels that are broadened
with inhomogeneous fundamental splittings may suppress the
tendency of multiwavelength oscillation.
In this paper, we report on efficient diode-pumped Yb:GYSO
lasers. Such compact high-power lasers can run in contin-
uous-wave (CW) and continuous-wave mode-locked (CML)
operations. Interestingly, a high-power CW Yb:GYSO laser
can be tuned around 1083 nm, which may serve as favorable
candidates for optical pumping of He and He , providing
wide potential applications in helium magnetometers, neutron
spin filters, and polarized electron sources [13]. For instance,
laser-pumped magnetometers offer numerous attractive advan-
tages such as low power consumption, great sensitivities and
compact in design. High-power solid-state lasers at 1083 nm
have been already realized with Nd:LaMgAl O , Nd:LuAlO
and Nd:GdVO crystals [14]–[16]. Yb-doped lasers typically
have high optical conversions and can be readily tuned around
1083 nm. Among all the emission bands of Yb ions, the emis-
sion band near 1083 nm has the smallest reabsorption losses
caused by thermal populating of the corresponding terminal
laser level. In addition, Yb:GSO has the largest emission cross
section around this emission band, which benefits the most
efficient Yb:GSO laser with the lowest pumping threshold.
While Yb:GYSO not only inherits large ground-state manifold
splitting and efficient laser performance around 1083 nm, but
also exhibits good mechanical properties as YSO.
0018-9197/$25.00 © 2008 IEEE
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II. SPECTRAL PROPERTIES OF YB:GYSO
The alloyed Yb:GYSO crystal was grown by Czochralski
method from a 50/50 solution of GSO and YSO in inductively
heated iridium crucibles under nitrogen ambient atmosphere.
High quality Yb:GYSO crystal exhibits no cleavage phenomena
and good mechanical properties compared with the oxyorthosil-
icate Yb:GSO crystal. The room-temperature absorption and
emission spectra of Yb:GYSO crystal are shown in [17]. The
absorption peak of 976 nm belongs to the zero-line transition
between the lowest levels of F and F manifolds. Other
absorption bands correspond to the typical transitions from
the ground state F to the other sublevels of F . The
absorption bandwidth of Yb in the GYSO host is much
greater than that in Yb:YAG. Its broad band is well-adapted
for diode-pumping with commercially available high-power
InGaAs laser diodes. The emission spectrum mainly includes
bands around 1003, 1039, 1055, and 1081 nm. The emission
band at the longest wavelength around 1081 nm corresponds
to the transition from the lowest levels of F manifold to
the highest levels of F manifold. We can therefore estimate
the maximum splitting of the F manifold as 995 cm .
The emission bands exhibit small quantum defects as the
zero-line absorption transition is used for pumping, which as
a consequence, reduce the heat deposition into the crystal.
Particularly, Yb:GYSO has a quite broad emission bandwidth
up to 84 nm. The combination of structural, absorption
and emission spectral features indicate that the Yb:GYSO
crystal is a potentially excellent material for high-power laser
application.
III. EXPERIMENTAL SETUP AND RESULTS
At first, we tested the laser performance of Yb:GYSO under
high-power pump with fiber-coupled laser diode of a numer-
ical aperture 0.22 and a core-diameter 400 m at 974 nm. A
plano–plano resonator as schematically shown in Fig. 1(a) was
adopted, which consisted of a flat mirror and output coupler
(OC). Interestingly, CW laser could occur under high-power
pump even without temperature controlling for the Yb:GYSO,
indicating an excellent thermal conductivity of Yb:GYSO. To
further remove the generated heat during the experiment, we
wrapped the crystal with indium foil and fixed it tightly in a
water-cooled copper heat sink. The temperature of laser crystal
was controlled at 14 C to prevent thermal fracture. Neverthe-
less, thermal effects could still affect laser efficiency under high-
power laser diode (LD) pumping as the pump focus spot in
the crystal defined a gain-guided aperture while the induced
thermal lens within the gain medium affected the intra-cavity
laser beam and its spatial mode-matching with the pump. For
instance, thermal effects could be evidenced by the fact that the
plano-plano cavity length should be slightly adjusted to maxi-
mize output power as the LD pump power increased. In order
to decrease the pump threshold and increase the lasing slope ef-
ficiency, we next replaced the pump source with a high-bright-
ness fiber-coupled laser diode with a numerical aperture of 0.22
and a core-diameter of 50 m. The spatial mode-matching be-
tween the pump and intracavity laser beams was optimized with
Fig. 1. Schematic of a CW Yb:GYSO laser pumped by fiber-coupled laser
diode with the fiber core-diameter of (a) 400  m, and (b) 50  m under 974-nm
LD pump or 100  m under 940-nm LD pump.  , cavity mirror;  , folding
mirror; OC, output coupler.
an appropriate laser resonator design to match laser focus in the
crystal with 1:1 imaging of the high-brightness fiber-coupled
laser diode. We adopted a stable three-folded resonator to get
oscillation. As shown in Fig. 1(b), the resonator con-
sisted of a dichroic input coupler (flat), a folding mirror
with the radius of curvature (ROC) of 150 mm, and an OC.
In both cases, the dichroic mirror was antireflection-coated
around 976 nm and high-reflection coated in a broadband from
1020 to 1120 nm, was high-reflection coated in a broadband
from 1020 to 1120 nm, and OC was the output coupler with dif-
ferent transmissions ( , and ). The
Yb:GYSO crystal was antireflection coated with the gain length
of 2 mm (5 mm 6 mm in size). The crystal was end-pumped by
a high-power or high-brightness fiber-coupled laser diode with
the emission wavelength at 974 nm controlled by a temperature
regulation. The pump laser was focused by a series of lenses
with a pump spot about 400 and 50 m on the Yb:GYSO crystal
for Fig. 1(a) and (b), respectively.
Without any intracavity wavelength selectors, the CW
Yb:GYSO laser was operated at a wavelength dependent
upon the OC, both at 1058 nm for and 10% OCs,
and at 1083 nm with OC. Fig. 2(a) compares the
CW Yb:GYSO laser outputs with different OCs ( ,
and ) and under different nonlasing
absorbed pump power (the absorbed pump power measured
under nonlasing condition, referred as nonlasing absorbed
pump power hereafter) of the high-power or high-brightness
laser diode. For the high-power LD pump, the best performance
at 1083 nm has been obtained with OC. Under a
nonlasing absorbed pump power of 13.7 W (the incident pump
power was 15.9 W) with the 400- m laser diode, the output
power reached 7.5 W. The corresponding optical-to-optical
conversion efficiency was 55% and the lasing slope effi-
ciency was 67%. Under the high-brightness LD pump, a CW
Yb:GYSO laser could be operated at 1083 nm with a pump
threshold as low as 422 mW (with OC). Under a
nonlasing absorbed pump power of 3.2 W (the incident pump
power is 4.6 W) with the 50- m laser diode, the output power
reached 2.3 W. The corresponding optical-to-optical conver-
sion efficiency was 72% and the lasing slope efficiency reached
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Fig. 2. Dependence of the CW Yb:GYSO laser output power upon the non-
lasing absorbed pump power. Core-diameters of the pump source are (a) 400
 m, (b) 50  m at 974 nm and (c) 100  m at 940 nm, respectively. The laser
was operated at 1058 nm with the OC transmission of     and 10%, and
1083 nm with the OC transmission of     , respectively.
79%. Fig. 2(b) presents the output power as a function of the
nonlasing absorbed pump power of the 50- m laser diode.
As Yb:GYSO exhibits similar absorption from
910 to 960 nm, among which the absorption around 940
nm is well-adapted for diode-pumping with commercially
available high-power InGaAs laser diodes, we also chose
940-nm diodes as an alternate pump source of the Yb:GYSO
laser to test its laser performance. A pump at 940 nm could
relax the strict requirement of pump mirror coatings because
of the large separation of the pump and lasing wavelengths.
In the experiment, the crystal was end-pumped by a 20-W
fiber-coupled laser diode at 940 nm with the fiber core diameter
and numerical aperture of 100 m and 0.22, respectively.
The pump laser beam was focused by a series of lenses
with a pump spot about 100 m on the Yb:GYSO crystal.
We adopted the same setup as shown in Fig. 1(b) with the
radius of curvature (ROC) of 150 mm of , and OC was the
output coupler with the transmissions ( ). The CW
Yb:GYSO laser also occurs at 1083 nm. Fig. 2(c) presents the
output power as a function of the nonlasing absorbed pump
power. Under a nonlasing absorbed pump power of 6.8 W (the
incident pump power is 18.3 W), the output power reached
4.3 W. The corresponding slope efficiency reached up to
70%. Note that Yb:GYSO possesses a much larger absorption
cross section at 976 nm than that at 940 nm. Nevertheless
the 940-nm absorption covers a broad bandwith of nm,
which enables Yb:GYSO laser insensitive to pump wavelength
specification. The efficient laser performance of Yb:GYSO
can be ascribed to the distinct structural and spectroscopic
features of Yb:GYSO. According to the emission spectrum,
laser action might occur around all the four the strong emission
bands. Thermal populating of the terminal laser level produces
strong reabsorption losses and detrimentally affects the laser
action around the 1000 nm. The second band around 1039
nm corresponds to an energy scheme of medium emission
cross sections where the terminal level is a little populated.
Efficient laser action is possible. The third band around 1055
nm has a little smaller emission cross section but the thermal
populating probability is further reduced. Laser around this
band has small re-absorption loss. Finally, the last band around
1081 nm exhibits a terminal laser level very few populated
but the emission cross section is small, however, it makes low
threshold and efficient laser action. It is interesting to note
Fig. 3. Schematic of a Yb:GYSO laser passively mode-locked with a SESAM.
 , cavity mirror;  ,  , folding mirrors; OC, output coupler.
that CW Yb:GYSO laser can be slightly tuned around 1058
and 1083 nm by aligning the laser cavity even without any
intracavity wavelength selectors.
Passively mode-locked operation was realized by employing
a Z-shaped resonator pumped with the 400- m laser diode
as schematically shown in Fig. 3. The laser cavity consists
of a semiconductor saturable absorber mirror (SESAM) and
three mirrors: an input flat mirror with high transmission
at 974 nm and high reflection in a broad band from 1020 to
1120 nm, two folded concave mirrors ( mm)
and ( mm) both with high reflection in a
broad band from 1020 to 1120 nm, and an OC flat mirror with
a transmission of 2.5%. The length between and is
about 460 mm, while and OC are separated by 300 mm,
and the length between OC and SESAM is 430 mm. The total
cavity length is added up to 1190 mm. The central wavelength
of the SESAM in our experiment is 1064 5 nm. Around the
central wavelength, the saturation fluence is 70 J cm , the
saturation absorption is 2.0%, while the nonsaturable loss is
less than 0.3%. And the relaxation time is as short as 20 ps.
The SESAM was mounted on a heat sink, but no active cooling
was applied. The laser cavity was designed with great care to
provide a proper spot size on the SESAM. The intracavity laser
beam diameter was estimated as 200 m on the crystal and 180
m on the SESAM, respectively. The mode-locked pulse train
was detected by a fast photodiode with a rising time of less
than 200 ps and recorded with a digital storage oscilloscope.
The resonator was carefully designed to suppress the strong
tendency towards -switching or -switched mode-locking,
which is a particularly severe issue for Yb-doped materials
[18].
In the Yb:GYSO laser resonator as shown in Fig. 3, pas-
sive mode-locking appears as the pump power reaches the
threshold value of 8.6 W (nonlasing absorbed pump power). It
is well-known that Yb-doped materials move easily towards the
-switched regime because of their long excited-state lifetimes.
In our Yb:GYSO laser, the strong tendency towards -switched
mode-locking was suppressed by choosing a proper intracavity
laser beam spot-size diameter on the SESAM. Fig. 4(a) shows
that the average output power measured for CW and CML
lasers with a 2.5% OC as a function of the nonlasing absorbed
pump power. At the threshold pump of 8.6 W, CML laser has an
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Fig. 4. Output power of Yb:GYSO CW and CML laser versus nonlasing absorbed pump power and the corresponding laser spectrum (inset) by using (a) 100  m
and (b) 50  m core-diameter diode laser.
Fig. 5. (a) 103.2-MHz repetition rate of the CML Yb:GYSO laser pulses. (b) Standard deviations of the CML laser pulse train. (c) Auto- and cross- correlation
trace for multiple Yb:GYSO laser pulses. (d) Autocorrelation trace of a single pulse and the corresponding fit carve.
output power of 1.5 W (with the repetition rate of 126.2 MHz),
corresponding to the threshold intracavity pulse energy of 0.5
J per pulse. At a pump power of 12.9 W, a maximum average
output power of 3.2 W was obtained corresponding to the output
laser energy 25.4 nJ per pulse. The corresponding slope effi-
ciency was approximately 35.9% with respect to the nonlasing
absorbed pump power. The CML pulses were centered at 1083
nm with a spectral full-width of half-maximum (FWHM) about
3.0 nm. The spectral profile of the CML output pulses is shown
in the inset of Fig. 4(a). Although with careful alignments of
the laser cavity, the CML laser also has pulse-to-pulse intensity
fluctuation. It was found that CML operation was particularly
sensitive to the alignment of SESAM. In order to obtain the
optimum passively mode-locked operation with a long-term
stability, we replaced the pump source with a high-brightness
fiber-coupled laser diode with a numerical aperture of 0.22
and a core-diameter of 50 m and optimize the parameters of
the Z-shaped cavity as shown in Fig. 3. The folded concave
mirror was replaced by the one with radius of curvature of
200 mm. The length between and is about 253 mm,
while and OC are separated by 528 mm, and the length
between OC and SESAM is 673 mm. The total cavity length
is added up to 1454 mm. The intracavity laser beam diameter
was estimated as 102 m on the crystal and 40 m on the
SESAM, respectively. Fig. 4(b) shows that Yb: GYSO laser
changes from CW operation to CML operation at a threshold
pump. With a 2.5% OC, passive mode locking occurs as the
pump power reaches the threshold value of 2.5 W (nonlasing
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absorbed pump power) with the corresponding output laser
power of 59 mW at a repetition rate of 103.2 MHz. The cor-
responding threshold intracavity pulse energy was about 23
nJ. With the maximum available power of our 50- m diode
pump (a nonlasing absorbed pump power of 2.9 W), an average
output power of 74 mW was obtained.
The CML laser output pulse train was recorded with a digital
oscilloscope with 1 GHz bandwidth (Agilent 54833A DSO), as
shown in Fig. 5(a). The shot-to-shot fluctuation of the mode-
locked operation was monitored by observing the output pulse
train. The long-term mode-locking stability was monitored by
checking the output pulse energy. The standard deviations of
the CML Yb:GYSO laser pulses are shown in Fig. 5(b). With
a careful alignment of the laser cavity under the 50- m diode
pump, the CML laser has a slight pulse-to-pulse intensity fluctu-
ation as a standard deviation of 2.5%. The mode-locked pulses
were measured with a home-made autocorrelator and the au-
tocorrelation traces are shown in Fig. 5(c) and (d). At a high
intracavity pulse energy, multiple pulses were observed, which
could be explained by the over saturation behavior of SESAM
and the limited available gain bandwidth of the laser medium
[18]. Even at the threshold pump, the intracavity pulses were
focused at SESAM with a fluence of about 460 J cm , much
larger than the SESAM saturation fluence. Pulse splitting was
observed as shown in Fig. 4(c), the auto- and cross-correlation
traces allowed us to determine the pulse separation of about
19 ps. This pulse separation could be adjusted by laser align-
ment, laser cavity geometry, intracavity dispersion, beam diam-
eter at gain and SESAM, and pump power. A detailed discus-
sion will be given elsewhere. The FWHM duration of one of the
pulse is about 2.5 ps as shown in Fig. 4(d), and the CML pulses
are centered at 1045 nm with a spectral FWHM about 2.4 nm.
IV. CONCLUSION
We have demonstrated both CW and passively mode-locked
lasers of a new Yb-doped alloyed laser crystal, Yb:GYSO.
Yb:GYSO retains the desired optical and physical properties of
Yb:YSO, as well as the excellent laser properties of Yb:GSO.
Under the high-power diode pump with a fiber core diameter
of 400 m, we obtained a CW output power up to 7.5 W at
1083 nm with a nonlasing absorbed pump power of 13.7 W.
Under a high-brightness diode pump with a fiber core diameter
of 50 m, an output power of 2.3 W was obtained at the non-
lasing absorbed pump power of 3.2 W. A CW Yb:GYSO laser
at 1083 nm has also been achieved under the high-power diode
at 940 nm with the slope efficiency up to 70%. In passively
mode-locked operation with a SESAM, a maximum average
output power of 74 mW was obtained at 1045 nm as Yb:GYSO
laser was CW mode-locked with a repetition rate of 103.2 MHz.
We believe that femtosecond Yb:GYSO laser can be realized
with optimized laser cavity and mode-locking elements.
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